Copy

RM Ab5DI4
—

A

NACA

RESEARCH MEMORANDUM

THE EFFECTS OF FLEXIBILITY ON THE LONGITUDINAL AND ILATERAL~-

DIRECTIONAL RESPONSE OF A LARGE AIRPLANE

By Henry A. Cole, Jr., Stuart C, Brown,
and Euclid C. Holleman

Ames Aeronautical Laboratory
Moffett Field, Calif.

LED
CLASSIFCATION CANCEL
Loo B 2 L8 ZALTTE= LIBRARY COPY

PN = tl MAY 31 1955
- ,5‘75_____5&8 ———————— P
A SN £ e - LANGLEYAERONAUTICAL LABORATORY
----------- _ LIZRARY, NACA
s T ST N ' T . - LANGLEY FI1€LD, VIRGINIA
cumnnocmml‘r
M%MWM WWMudxﬁhw
manner to e Person is prohibited by lewr,

NATIONAL ADVISORY COMMITTEE
FOR AERONAUTICS

WASHINGTON
May 27, 1955

)



oo TN

e e — e = e

NATIONAL ADVISORKY COMMITTEE FOR AERONAUTICS

RESEARCH MEMORANDUM

THE EFFECTS OF FLEXIBILITY ON THE LONGITUDINAL AND LATERATL-
DIRECTIONAL RESPONSE OF A LARGE ATRPTANE

By Henry A. Cole, Jr., Stuart C. Brown,
and Euclid C. Holleman

SUMMARY

Longitudinal and lateral-directional frequency responses determined
from transient flight data excited by control pulses are presented for
g large flexible swept-wing alrplane for s wide range of flight condi-
tions. Translent flight data are reduced to trensfer-function form and
comparisone are made with predicted values for the rigid and flexible
airplane. Flexible-airplane transfer-function ccefficlents determined
by the pseudostatic method show good agreement with those determined
from transient flight data.

The effects of structural modes on the frequency response at various
locations on the airplane are shown. These responses are compared with
node lines of the celculated normal free-free modes of the airplane with
particular reference to optimum location for automatic control pickups.
Good correspondence is obtalned between the measured freguency responses
and the node lines calculated by dynamical analyses.

INTRODUCTION

In the design of an automatic control system for an airplane, the
girplane response to control-surface motions should be known accurately.
In the past the response has been fairly well established for relatively
rigid airplanes by flight tests and theory (refs. 1 and 2). However, in
recent years, the desire to increase the range and speed of large air-
planes has led to sweptback wings of high aspect ratio, thin alrfoils,
and fuselages of high fineness ratiag. All of these factors tend to
increase the flexlibllity of the structure and the assoclated aerocelastic
effects are becoming of greater importance in problems of static and
dynemic stability and control. The dynemic effects are especially impor-
tant in the deslign of automatic control systems because siructural modes
may introduce instabilitles which would not arlse with a rigid airplsne.
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Hence, 1t 1s important for the automatic control deslgner to consider
the effecte of flexibllity on his control aystems.

NOTATION

gslope of 1lift curve

differential operator, é%
rolling-veloclty gain . S . ) . -
angle-of-yaw gain

radius of gyration sbout principal lateral axis, mean aerodynamic
chords

pltching-velocity gain
Mach number
pitching-velocity time constant, sec
normel acceleration, pesitive downward, gravity uriits -
rolling velocity, radlans/sec
dynamic pressure, lb/eq ft
yawing velocity, radians/sec
time
total aileron deflectlion, radians
elevator deflection, radians
rudder deflectlon, radilans
pitching velocity, radlans/sec
damping ratio, dimensionless
characteristic numerator constant, dimensionless
frequency, radlans/sec "
undamped natural frequency, radians/sec
e
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wg, characteristic numerator constant, radians/sec
T rolling-velocity time constant, sec
DISCUSSION

In the synthesis of an automatic control system, the aerodynemics
are usually represented by & transfer function in & block diagram. As
an example, the transfer functions of pltching velocity to elevator
control for a rigid and a flexible alrplane are preegented in figure 1.
The complicatlons introduced by flexibility are apparent. WNot only are

the cocefficients of the similar terms different from those of the rigid

airplane, but alsoc a large number of second-order terms are added to the
numerator and denominator by the structural modes. These terms cannot
be taken lightly because they have been directly responsible for a num-
ber of instabilities in control systems in the past (refs. 3 and L).
Also, analysis of autopilots in which control servoe introduce similar
terms has shown that the second-order denominator terms limit the allow-
able autopilot galn for stabillity. Fortunately, only the terms which
are significant within the frequency range of the control servo need to
be included. Some frequency-response data on the dynamiec characteristics
of the control system of a typlcal large sirplene which msy be useful in
eutopilot design are given in reference 5.

In order to enlarge on the experience asnd analytical techniques
necessary to evaluate these aerocelastic effects, the NACA is flight test-
ing & Boeilng B-U4T airplane over its operating range of altitudes and
Mach numbers. The entire structure was Instrumented with strain gages,
sccelerometers, and an optigraph as well as standard instruments so that
the response of the complete alrplane could be measured. Some of the
measured acceleration frequency responses to elevator motion are shown

in figure 2. The amplitude ratio is given on the upper plot and the phase

angle on the lower one for a range of frequencies including the short-
period mode, from 1 to 3 radians per second, and a number of structural
modes, from 8 to 30 radians per gecond.t The acceleration responses &t
the center of gravity, wing tip, tail, and a point on the wing near the
inboard nacelle are glven. Several features of the response of the test
alrplane are apparent from these curves: (1) At frequencies below
6 radians per second, the neighborhood of the short period mode, the
response is similar for all locations on the airplane and (2) at frequen-
cies above 6§ radians per second, the region of the structural modes,
the response differs widely'with.location on the airplane and is char-
acterized by multiple peaks in amplitude ratio and large shifts in phase
‘Note that the emplitude ratio and frequency are plotted to loga-
rithmic scales so that the frequency-response curves can be Interpreted
in terms of the characterlistic forms of the transfer-function terms
glven in reference 6.

- =T -g
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angles. The peaks correspond tc the second-order denominator terms and
the valleys to the second-order numerator terms in the flexible-airplane
transfer functions. The part of the response below the structural modes,
which is of most concern to us from & maneuvering and control standpoint,
will be discussed first and the region of the structural modes later on.

Low~Fregquency Response

The question is: How well can this low-frequency respbnse be pre-
dicted? One way 1s to use the same form of transfer functions se for
the rigid airplane, but to modify the coefficients for flexibllity effects.
In this method, which 18 called pseudostatic, the individual stability
derivatives which are used to calculate the transfer-function coefficlenis
are determined for the condition of static equilibrium between the struc-
tural spring forces and the aerodynamic loads. In addition to the ususl
derivatives of rigid airplanes, the lifts and moments resulting from
deflections due to lumertial loadings (normal acceleration and pitching
acceleration) are included. These derivatives resulting from inertial
loads are very important and vary wldely depending on the mass distribu-
tion of the alrplane. The pseudostatic method and its application to
this airplane is described in detail in reference 7. Extensive work on
aeroelastic effects on this airplane has also been reported in reference 8.
Pitching-veloclty responses predicted for pseudostatic and rigid alrplanes
are compgred with the response measured in flight 1n figure 3. The agree-
ment of experiment with the pseudostatic method 1s very good up to sbout
5 radians per second after which the structural modes dominate the
respounse. The predicted rigid-airplane response falls considersbly
below the experimental response. It should be realized that accurate
predictions of these responses depend a good deal on accurate estimates
of the spring and mass characteristics of the airplane. In the analysie
used here, the spring characteristics of the alrplane were determined
from static deflection measurements reported in reference 9, and the mass
characteristics by ground oscillletion tests which are as yet unpublished,

Longitudinal Transfer-Function Coefficlents

A more comprehensive picture of the effects of flexibility over the
flight renge 1s obtalned by examining the trensfer-function coefficlents.
In figure U4, the denominator transfer-function coefficlents of figure 1
are plotted versus the aercelastlc parameter, dynamic pressure multiplied
by the ratio of the slopes of 1ift curve at the test Mach number snd at
zero Mach number. Also curves for 15,000 and 35,000 feet are shown so
thet the flight renge of the alrplane is pretty well covered. The solid
line represents the predicted pseudostatic values and the dashed curve

Y
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the predicted rigid ones. Experimental points shown on these curves were
determined from the free oscillations following pulse-elevator Inputs.

The predicted values indlcate a large reductlon in nstural frequency,
wpn, due to flexibility and this trend is well supported by the experi-
mental points. This reduction in natural frequency is principally a
result of the loss in the spring term, Cp,, due to fuselage and stebilizer
bending. The loss in frequency would be even grester if it were not for
compensating pitching moments contributed by wing bending due to normal
acceleration, & result primarily due to placing the nascelle masses near
the wing tip. '

As for the damping ratio, ¢, the damping and spring terms are reduced
by flexibility but the compensating effects of inertial loads are such
that there is 1ittle difference between the predicted rigid and pseudo-
static values. The level of the experimental points is in good sgreement
with the predicted ones, but there is considerable scatter, probably
because measurements of this coefficient are ill-conditioned when the
transient motion damps out in a couple of cycles or less.

The numerator coefficlents are shown in figure 5. The gain, K3, is
mainly dependent on the ratlio of the forcing term Cmg, to the spring
term Cp, for the rigid airplane. In the flexible alrplane there are
losses in both the forcing term and the spring term due to structural
bending as well ss compensating effects of inertis as mentioned in con-
nection with the natural frequency. Hence, although there are large
changes in the individual derivatives due to flexibility, it Just happens
in this case that the over-all effect on the gain is smaell. The experi-
mental points were obtained from slow push-pull meneuvers and they agree
well with the predicted ones.

The time constant, Tg5, is primarily the ratio of the mass to the
damping force in translation and represents the phase lead of pitching
velocity to angle of attack. This term 1s incressed by flexibility
because of the reduction in the damping force resulting from wing bend-
ing. The experimental points were obtained by the pulse technique and
agreement with the pseudostatic values 1s good at 15,000 feet. At
35,000 feet the agreement is not very good which is probably due to Mach
number effects which are more important than aerocelastic effects at this
altitude.

Lateral Response

Similar analyses and flight-test measurements are being made for the
lateral-directional response to aileron and rudder controls. Typlcal
frequency responses (yaw damper off) obtained by the pulse technique are
ghown in figures 6 and 7. Also shown on these curves for comparison are



6 FEEEEE Y NACA RM A55D1h4

the predicted pseudostatic and rigid-ailrplane responses. Figure 6 pre-
gents the frequency response of rolling veloclty to alleron control and
figure T the yawing-veloclty response to rudder control. The first peak
in elther figure represents the Dutch roll mode, snd the peaks sbove

5 radlans per second the structursel modes. The alleron control excites
the wing first-antlsymmetrical mode primarily, and the rudder control
excites the body side-bending mode. As in the longitudinal case, the
regponse at low frequencies is similar to that of the rigid airplane for
the structural modes are well separated from the Dutch roll mode. Hence,
the pseudostatic approach should slsoc gpply to the low-frequency range
of the lateral-directional response.

Iateral-Directlional Transfer~Function Coefficlents

Some preliminary values of tranafer-function coefficlents have been
obtained by matching translent time histories from control pulses on an
electronic analog. The transfer-function coefficlents used for this
work are shown in figure 8, and are the simplified transfer functilons
used for rigid alrplanes. The denominator coefficlents are shown in
figure 9. The lateral-directional flight testling has not been completed
go data are only shown for an altitude of 25,000 feet. First, consider
the Dutch roll mode which is represented by the second-order denominetor
term in the transfer functions of figure 8. The frequency, wn, is lowered
primarily by a loss in the spring term, Cpp, due to fuselage and fin
bending. The damping ratio, £, is also lowered primarily by fuselage and
fin bending which results in & loss 1n demping in ysw. The time constant, .
T, depends primarily on the ratio of the moment of inertla in roll to the
demping in roll. While damping in roll 1is reduced by wing bending, the
effective inertla in roll 1s also reduced by the rolling moments induced
by wing bending under rolling acceleration loads; hence, the over-all
effect 1s small. The experimental points show good agreement with the
predicted pseudostatic values. Note that there 1s much less scatter in
the damping ratio than for the longltudinal case because we have many
cycles 1n the transient time histories.

The numerator terms are plotted in figure 10. The rolling-velocity
gain, K,, is decreased considersably by wing bending. Predictions indi-
cate that this gain goes through zero at a dynamic pressure of gbout
T20 pounds per sguare foot. Thils polnt, of course, is known as alleron
reversal and wlll be approached more closely in tests at lower altitudes.
The sileron reversal is most critical for outboard ailerons, which were
used on this airplane (ref. 10), and for this reason there has been a
trend to inboard ailerons asnd spollers for lateral control of high-speed
airplanes. - S, P T .

It may be shown that, when the flight-path angle is zero and the
angle of attack is low, the terms wg andiga are the same as wp and {,

Su



NACA BM AS5D1L L T

respectively, to & first-order approximation (ref. 2). By comparison of
values of wg and {; with those of wp and { in figure 9, 1t may be
seen that they are neerly the same when g 1is large. EHence, the second-
order numerator term nesrly cancels the Dutch roll term, and the rolling-
veloclity transfer function is sometimes simplified to Kl/(l + D).

The numerator constant, Ky, in the yawlng-veloclty transfer function
is primarily the forcing term, Cnﬁr’ over the spring term, Cng- The tail
contribution of each is reduced about the same due to fuselage and fin
bending, but Cp, also has a fuselsge contribution, so the over-all effect
of flexibility ig to Increase K,. From these prelimlnary dats, it appears
that the pseudosgtatic method is also adequate for the prediction of low-
frequency response for the lateral-direciional case.

Experimental Technlque

Although it is not the intention of this paper to glve detailed
information on the reduction of date, the reasons for the different
metheds used in determining experimental transfer-function coefficients
ghould be of interest. Generally speaking, a large amount of secatter
results in some of the coefficients when they are all determined from
one transient record because the conditioning of the coefficients varies
with the freguency content of the input. Greater accuracy is obtained
if the ‘coefficients are determined from several inputs which cover the
frequency range of Iinterest. Hence, gain constents should be determined
from slow meneuversg. Denominator terms should be determined from free
osclllations following inputs which exclte primarily one mode at & time.
When accurate values of gain and denominator coefficients are kmown, then
the other numerstor terms can be determined from the forced oscillation
part of pulse control inputs. This work can either be done on an
electronic analog or by curve-fitting the frequency response.

High-Frequency Response

The high-frequency part will now be exsmined in more detail, by
referring agein to figure 2. An accelerometer pickup in an automatic
control system, 1f located at the wing tip, center of gravity, or tail,
would feed voltages into the system in accordance with the high peaks and
large phase shifts in the freguency responses. As mentioned before, this
would be apt to compromise the stebility of the system if the control
servo could respond to these frequencies. However, we note that if the
accelerometer were placed on the wing near the inboard nacelle where the
gtructural-mode pesgks are sbsent, the stablility of the system would not
be compromised. Optimum locatlons for pickups such as this can be deter-
mined from flight teats, but the queation arises: How well can they be

determined prior to flight?
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In order to check this, the normal free-free modes of the complete
girplene were calculated by methods similar to those in reference 1l.
The node lines for the flrst three modes are presented in figure 11l. The
first mode at a frequency of 8 radiane per second is primerily wing first-
bending mode and 1s called "wing flapping"” by the pilots. In figure 2,
1t 18 noted that the response only peaks up near the wing tipe at this
frequency and that the response is small for locatlons on the fuselage near
the node lines. The next predicdted node at 23 radlans per second is pri-
merily wing first torslon. Then at a natural frequency of 27 radians per
second is the body first-bending mode. It is noted that a large double
pesk occurs on the megsured-frequency responses in the range from 20 to
30 radians per second which is undoubtedly due to the occurrence of these
two modes at nearly the same frequency. Also, the peak is absent at the
point where the node lines cross on the wing near the inboard nacelle.
Hence, there appears to be good correspomdence between the flight node
lines and those predicted by dynamic anslysis.

There are several other peaks in the wilng-tip acceleration response
besgides those mentioned. Some of these are belleved to be due to flexi-
bilities in the nacelle mountings which were neglected in the analysis.
Also, an additionel mode appears near 16 radians per second when the
short-period mode is included in the analysis (see ref. 7).

This means that the effects of flexibility can be teken entirely
into account by pseudostatic methods 1f plickups are located on these node
lines. If this 1s not possible, then the structural mode frequenciles
would either have to be filtered out or the control system tailored to be
stable with thelr presence. It certainly would not be practical to locate
all pickupe and Instruments at this point near the nacelle so the next.
best thing would be to decide which mode would affect the control system
the most and to locate the pickup on the node line for that mode. For
example, the high peak at 20 to 30 radisns per second could alsoc be
avoided where the node lines cross the fuselage neer the tall. The lines
shown here are for accelerometer pickups, but lines of zero angular-
velocity response can slgo be determined from the calculated modes for
use in locating turnmeter pickups. .

CONCLUDING REMARKS

In general, the pseudostatic method adequately predicts the longl-
tudinal and lateral~directional frequency response in the region below
the structural-mode frequencies. Although in some cases there were
only small apparent differences between riglid and pseudostatic transfer-
function coefflcients, the individual aercelastic effects on the wing
and tall are large and depend a good deal on the alrplane mass distri-
bution. The agreement of experiment with pseudostatic predictions
indicates that these large compensating effects are properly evaluated

by the pseudostatic method.
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The correspondence of the measured modes in flight with those calcu-
lated by dynamical anslyses indicates that optimum locations for control
system pilckups can be determined prior to flight. When pickups are not
located on these node lines, the effects of the additional second-order
terms in the flexible-airplane transfer functions should be taken into
account.

Ames Aeronauticsl Laborstory
National Advisory Committee for Aeroneutics
Moffett Field, Calif., Apr. 1k, 1955
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Figure 3.- Pitching-velocity frequency response to elevator at c.g.;
hp = 25,000 feet, M = 0.7, c.g. = 20-percent M.A.C., W = 108,000
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Figure L4.- Denominator coefficients of pitching-velocity transfer func-
tion; c.g. = 2l-percent M.A.C., W = 115,000 pounds, Ky® = 2.L.
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Figure 5.~ Numerstor coefficients of pltching-veloclty transfer function;
c.g. = 2l-percent M.A.C., W = 115,000 pounds, Ky= = 2.4,
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Figure 6.~ Rolling-velocity frequency response to alleron at C.8.;
hp = 35,000 feet, M = 0.6, W = 117,000 pounds.
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Figure T.- Yawing-velocity frequency response to rudder at
hp = 24,000 feet, M = 0.6k, W = 104,000 pounds.
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Figure 10.- Numerator coefficients of lateral-directional trensfer func-
tiong; hp = 25,000 feet, W = 115,000 pounds.
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Flgure 11.- Calculated longitudinal node lines.
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